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The recent diagnostic assessment of cerebrovascular disease makes use of 
computational fluid dynamics (CFD) to quantify blood flow and determine the 
hemodynamics factors contributing to the disease from patient-specific models. 
However, compliant, and anatomical patient-specific geometries are generally 
reconstructed from the medical images with different threshold values subjectively. 
Therefore, this paper tends to present the effect of extracted geometry with different 
threshold coefficient, 𝐶𝑡ℎ𝑟𝑒𝑠 by using a patient-specific cerebral aneurysm model. A set 
of medical images, digital subtraction angiography (DSA) images from the real patient 
diagnosed with internal carotid artery (ICA) aneurysm was obtained. The threshold 
value used to extract the patient-specific cerebral aneurysm geometry was calculated 
by using a simple threshold determination method. Several threshold coefficients, 
𝐶𝑡ℎ𝑟𝑒𝑠 such as 0.2, 0.3, 0.4, 0.5 and 0.6 were employed in the image segmentation 
creating three-dimensional (3D) realistic arterial geometries that were then used for 
CFD simulation. As a result, we obtained that the volume of each patient-specific 
cerebral aneurysm geometry decreases as the threshold coefficient, 𝐶𝑡ℎ𝑟𝑒𝑠 increases. 
There is dislocation of artery attached to the ICA aneurysm geometry occurred at a 
high threshold coefficient, 𝐶𝑡ℎ𝑟𝑒𝑠. Besides, the physical changes also bring remarkable 
physiological effect on the wall shear stress (WSS) distribution and velocity flow field 
at the patient-specific cerebral aneurysm geometry reconstructed with different 
threshold coefficient, 𝐶𝑡ℎ𝑟𝑒𝑠.  
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1. Introduction 
 
The evolution and implementation of medical imaging in the diagnosis of cerebrovascular 
diseases have provided an abundance of information in terms of physiological and pathological 
conditions on particular cerebrovascular system [1]. Besides, the analysis of hemodynamics in the 
cerebrovascular system can be acquired more accurately and specifically through computational 
study on the anatomical geometry. The establishment to combine computational fluid dynamics 
(CFD) on anatomical geometry with medical imaging of arterial geometry has become the current 
trend which makes the studies of hemodynamics and vascular diseases to a higher extent closer to 
the actual condition extracted in vivo which may not be performed as always [2-4]. This alternatively 
allows estimation of numerous hemodynamics parameters such as wall shear stress (WSS), location 
of impact zone, impingement at the arterial wall and blood residence indicating the initiation and 
progression of vascular pathologies [2, 5-7].    
However, some studies have claimed that the outputs such as WSS and velocity vector from the 
image-based CFD simulations are varied with the actual phantom and the most possible cause is the 
acquired in vivo geometry from the medical images [2]. Besides, some researchers have conducted 
experiments by applying particle image velocimetry (PIV) and validated their results with the CFD 
phantoms, they came out with the same consensus that the variations or slight changes in geometries 
contribute to aneurysmal flow significantly by 50 ̶ 60% [8-11]. The variations in the acquired CFD 
geometry have been claimed influencing the hemodynamics and physiological behavior of blood flow 
along the vascular structure creating local shear stress, unidirectional flow and flow circulation [12-
14] other than the temporal and spatial boundary conditions which are implemented in the CFD 
simulation [15-16].  
Although the extraction and conversion of anatomical model geometry from the medical images 
to CFD geometries can be done manually or automatically but subjectively with the available 
software packages [10, 17], it is crucial to obtain the anatomically realistic geometry as the analysis 
of hemodynamics strongly depends on the model configuration [18-19]. In order to obtain the 
anatomically realistic geometry, image segmentation is performed by extracting the object of interest 
from the medical images, however the geometry might not be reconstructed consistently if it is 
extracted by trial and error [6, 20-21]. Therefore, in the present study, the image segmentation was 
performed systematically by adjusting the threshold image intensity calculated through threshold 
determination method introduced by Omodaka et al., [22] and CFD simulation was performed on the 
anatomical cerebral aneurysm geometries to identify the consistency of location among the 
geometries created with different threshold coefficient, 𝐶𝑡ℎ𝑟𝑒𝑠.  
 
2. Methodology  
2.1 Determination of Threshold Image Intensity  
 
The present investigation uses 768 slices of digital subtraction angiography (DSA) images 
obtained from a 48 years old male patient diagnosed with internal carotid artery (ICA) aneurysm in 
the year of 2012. The imaging was performed on an Allura Xper FD20 angiography system (Philips 
Medical Systems B.V., The Netherlands) with rotational angiography program at International Islamic 
University Malaysia Medical Centre (IIUM-MC), Kuantan, Pahang. The acquired rotational frames 
were directed to an independent workstation (XtraVision, Philips Healthcare, The Netherlands). The 
two-dimensional (2D) images in DICOM based were exported to ImageJ and presented in 8-bit with 
256 x 256 acquisition matrices to extract the image intensity for threshold determination through Eq. 
(1). 
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𝐼𝑡ℎ𝑟𝑒𝑠 = 𝐶𝑡ℎ𝑟𝑒𝑠(𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛) + 𝐼𝑚𝑖𝑛                     (1) 
 
where 𝐼𝑡ℎ𝑟𝑒𝑠 refers to the threshold image intensity, 𝐶𝑡ℎ𝑟𝑒𝑠 refers to the threshold coefficient, while 
𝐼𝑚𝑖𝑛 and 𝐼𝑚𝑎𝑥 refer to the minimum and maximum values of the image intensity along the line probe, 
respectively. A line probe was constructed at the representative cross-section of the proximal artery 
as shown in Figure 1 to measure the image intensity. A profile curve of the image intensity was 
generated according to the line probe across the artery as shown in Figure 2. 
 
 
Fig. 1. Line probe at representative cross-section 
of proximal artery  
 
 
Fig. 2. Profile curve along the line probe 
 
In the present data, the image intensity ranges between 7.56 and 7997.27. The minimum and 
maximum values of the image intensity along the line probe, 𝐼𝑚𝑖𝑛 and 𝐼𝑚𝑎𝑥 were obtained. They were 
then used to determine the threshold image intensity, 𝐼𝑡ℎ𝑟𝑒𝑠 with different threshold coefficient, 
𝐶𝑡ℎ𝑟𝑒𝑠 such as 0.2, 0.3, 0.4, 0.5 and 0.6 by using the formula defined in Eq. (1). The calculated values 
of threshold image intensity, 𝐼𝑡ℎ𝑟𝑒𝑠 as listed in Table 1 were then used for image segmentation in 
AMIRATM 2019.3. 
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Table 1 
Values of threshold image intensity with respective threshold coefficient 
Threshold coefficient, 𝐶𝑡ℎ𝑟𝑒𝑠 Threshold image intensity, 𝐼𝑡ℎ𝑟𝑒𝑠  
0.2 1605.501 
0.3 2404.473 
0.4 3203.444 
0.5 4002.415 
0.6 4801.386 
 
2.2 Governing Equation of Blood Flow 
 
The blood flow in artery is considered to be incompressible and the governing equations applied 
for computational domain, Ώ are Navier-Stokes and continuity equations as follows: 
 
𝜕𝑢𝑖
𝜕𝑥𝑖
= 0              (2) 
 
𝜌 (
𝜕𝑢𝑖
𝜕𝑡
+ 𝑢𝑗
𝜕𝑢𝑖
𝜕𝑥𝑖
) = −
𝜕𝑃
𝜕𝑥𝑗
+ 𝜇
𝜕2𝑢𝑖
𝜕𝑥𝑗𝜕𝑥𝑗
+ 𝑓𝑖           (3) 
 
where 𝑢𝑖  refers to the velocity in the i
th direction, 𝑃 refers to the pressure, 𝑓𝑖  refers to the body force, 
𝜌 refers to the density, 𝜇 refers to the viscosity and 𝜕𝑖𝑗  refers to the Kronecker delta. 
The shear stress, 𝜏 at the aneurysm wall is calculated through the function of velocity gradient as 
follows: 
 
𝜏 = 𝜇
𝜕𝑢
𝜕𝑦
              (4) 
 
where 
𝜕𝑢
𝜕𝑦
 refers to the velocity gradient along the aneurysm wall with regard to the fluid viscosity. 
Therefore, the simple viscous fluid is considered as linear relationship. The equation of motion in 
terms of vorticity, ω is defined as follows: 
 
𝜕𝜔
𝜕𝑡
− 𝛻 × (𝑢 × 𝜔) =
𝜇
𝜌
𝛻2𝜔            (5) 
 
where 𝜔 refers to the vorticity, 𝜌 refers to the density and 𝜇 refers to the viscosity with vector ∇2𝑢 
evaluated. These equations are accomplished and solved in finite volume form through CFD solver, 
ANSYS Fluent 16.2. 
 
2.3 Boundary Condition  
 
The aneurysm wall is considered to be no-slip condition throughout this investigation as follows: 
 
𝑢 = 0               (6) 
 
The fluid, blood is considered as incompressible, laminar, Newtonian fluid with isothermal 
constant viscosity of 0.0035 Pa.s [23]. The blood density is 1060 kg/m3 [24] with reference to the 
average normal human blood density. The temperature, specific heat and thermal conductivity of 
blood are set as 310 K, 3513 J/kg.K and 0.44 W/m.K [25], respectively. As the present investigation 
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concerns on the effect of extracted geometry with different threshold coefficient, the inlet velocity 
is fixed at 0.3 m/s [26], which is also the average peak systolic velocity [27] obtained from the 
previous studies for consistency. The boundary condition was only defined at the inlet and there was 
no constraint defined at the outlets for the present simulation. The parameters used for boundary 
condition set up are listed in Table 2. 
 
              Table 2 
              Parameters used for boundary condition set up 
Parameters Value 
Viscosity (Pa.s) 0.0035 
Density (kg/m3) 1060 
Temperature (K) 310 
Specific heat (J/kg.K) 3513 
Thermal conductivity (W/m.K) 0.44 
Inlet velocity (m/s) 0.3 
 
3. Results and Discussion  
3.1 Extracted Geometry with Different Threshold Coefficient 
 
Five three-dimensional (3D) geometries have been extracted, segmented and reconstructed with 
respective threshold coefficient, 𝐶𝑡ℎ𝑟𝑒𝑠 as listed in Table 1. The 3D geometries are shown in Figure 3 
while the geometry with the indication of inlet and outlets is illustrated in Figure 4. The geometry 
reconstructed with 𝐶𝑡ℎ𝑟𝑒𝑠 = 0.6 is excluded from the computational study as its geometry does not 
comply with and is beyond the actual shape among the others.  
 
 
Fig. 3. 3D geometries with respective threshold coefficient, 𝐶𝑡ℎ𝑟𝑒𝑠 
 
By comparing among the geometries, there is no significant change in term of shape except for 
the geometry reconstructed with 𝐶𝑡ℎ𝑟𝑒𝑠 of 0.6. There is disconnection and disappearance of the 
branch where bifurcation exists. Furthermore, it can be noticed that the arteries after bifurcation 
become narrower as the 𝐶𝑡ℎ𝑟𝑒𝑠 increases. This might be due to the vasculature adherence to the 
object of interest which leads to the physical change, the volume of the patient-specific cerebral 
aneurysm geometries with arteries reduces as the 𝐶𝑡ℎ𝑟𝑒𝑠 increases and thus, causing some important 
parts to be marked out unconsciously. Indeed, the volume reduction is found to have correspondence 
with the inlet and outlet areas as listed in Table 3 with regard to respective geometry reconstructed 
with 𝐶𝑡ℎ𝑟𝑒𝑠 of 0.2, 0.3, 0.4 and 0.5. Besides, the volume reduction is within 10% of difference with 
each other when 𝐶𝑡ℎ𝑟𝑒𝑠 increases as illustrated in Figure 5. 
According to the previous research, it was reported that geometry configuration has high impact 
on the aneurysmal hemodynamics [28]. Some researchers also claim that small arteries can be 
neglected for physiological analysis as compared to the large arteries which have high visualization 
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[6]. However, further investigation was conducted regarding the effect of extracted geometry by 
taking all arteries (inlet and outlet) into account which is discussed in the following section. 
 
 
Fig. 4. Geometry with indication of inlet and outlets 
 
 
Fig. 5. Representation of geometry volume with percentage difference   
 
Table 3 
Volume, inlet and outlet areas extracted from respective geometry  
Geometries Volume (m3) Inlet area (m2) Outlet 1 area (m2) Outlet 2 area (m2) 
0.2 17.3 × 10-3 13.6 × 10-3 4.35 × 10-3 2.31 × 10-3 
0.3 15.7 × 10-3 11.8 × 10-3 3.52 × 10-3 1.90 × 10-3 
0.4 15.0 × 10-3 11.0 × 10-3 2.63 × 10-3 1.84 × 10-3 
0.5 13.7 × 10-3 10.6 × 10-3 1.50 × 10-3 1.33 × 10-3 
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3.2 Wall Shear Stress (WSS) Distribution 
 
Based on the in vitro simulation on the anatomical geometries reconstructed from the patient-
specific cerebral aneurysm model, the visualization of WSS distribution in the direction of x-z 
projection is obtained as shown in Figure 6. Some studies have reported that 45% of the maximum 
WSS has been found at the neck of the aneurysm, followed by 40% at the bifurcation, 10% at the 
aneurysm dome and 5% at the parent artery [29-31]. The assessment on the geometries at present 
investigation has found that the WSS was cultivated at the neck of aneurysm and artery where 
bifurcation exists. This has the same correlation with the previous studies. Also, the WSS was 
concentrated at the outlet 2 with small area which can be seen clearly at the geometries 
reconstructed with 𝐶𝑡ℎ𝑟𝑒𝑠 of 0.4 and 0.5. However, the WSS distribution at the aneurysm region at 
each of the geometry is relatively low. Table 4 shows the maximum WSS of respective geometry 
reconstructed with 𝐶𝑡ℎ𝑟𝑒𝑠 of 0.2, 0.3, 0.4 and 0.5. The magnitude of maximum WSS increases after 
𝐶𝑡ℎ𝑟𝑒𝑠 of 0.2. 
 
 
Fig. 6. Representation of WSS distribution with respective threshold 
coefficient, 𝐶𝑡ℎ𝑟𝑒𝑠 
 
Generally, the WSS is directly proportional to the velocity component as defined in Eq. (4) in 
theoretical framework [32]. In the present case, the blood passed through the aneurysm has come 
to the meet point and merged to the outlets after the bifurcation part with high velocity due to the 
vortex or circulation flow in the aneurysm. Therefore, the WSS is seen to be highly concentrated at 
the narrower outlet 2 as compared to outlet 1. The location of WSS distribution from the simulation 
results is considered consistent. However, the location of WSS distribution might be varied with the 
previous studies due to the assumptions used for simulating blood flow [33] and replication of 
aneurysm geometry which does not compromise the realistic aneurysm geometries [34]. Hence, the 
mesh quality and simulation result are affected. Furthermore, the shape of aneurysm geometries 
strongly depends on the reconstruction technique especially through medical images and this 
technically affects the WSS distribution and hemodynamics at the aneurysm geometries [26, 35]. 
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   Table 4 
            Maximum WSS extracted from  
            respective geometry 
Geometries Maximum WSS (Pa) 
0.2 8.00 
0.3 6.43 
0.4 14.84 
0.5 32.89 
 
3.3 Velocity Flow Field 
 
The velocity vector and streamline flow are illustrated in Figure 7 and Figure 8, respectively. The 
velocity flow fields in the anatomical aneurysm geometries are highly complex as expected. From the 
initial location (inlet) where the blood flew towards the aneurysm region, the blood velocity 
maintained at around 0.2 – 0.3 m/s. After the blood exited right after the aneurysm region towards 
the bifurcation part, the blood velocity increased promptly towards the outlets. There is flow 
impingement intensified only after the aneurysm but not in the aneurysm region [4]. The blood 
velocity has achieved almost five times than the assumed inlet velocity. This might be probably due 
to the vortex or circulation flow which improves the blood velocity [36-38]. Also, the blood has 
merged to two outlets, causing the blood velocity to be extreme at the arteries where bifurcation 
exists. This would increase the aneurysm initiation and rupturing possibility as well as the 
atherosclerotic plaques formation to be occurred at the mentioned locations. Table 5 shows the 
maximum velocity of respective geometry reconstructed with 𝐶𝑡ℎ𝑟𝑒𝑠 of 0.2, 0.3, 0.4 and 0.5. The 
magnitude of maximum velocity increases after 𝐶𝑡ℎ𝑟𝑒𝑠 of 0.2, which has the same trend as the 
magnitude of WSS distribution as discussed in the previous section. However, there is only one helical 
circulation present in the aneurysm region at each of the geometry which has contradiction with the 
previous studies [39-41]. 
 
 
Fig. 7. Representation of velocity vector with respective threshold 
coefficient, 𝐶𝑡ℎ𝑟𝑒𝑠 
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Fig. 8. Representation of velocity streamline with respective threshold 
coefficient, 𝐶𝑡ℎ𝑟𝑒𝑠 
 
Table 5 
Maximum velocity extracted from  
respective geometry 
Geometries Maximum velocity (m/s) 
0.2 0.98 
0.3 0.86 
0.4 0.95 
0.5 1.36 
 
3.4 Mesh Independence and Validation 
 
In order to make sure the result obtained from the computational simulation is precise and 
trustworthy, it is required to perform mesh independence test on the object of interest with different 
mesh size to determine the suitable mesh which best represents the behavior of the geometry prior 
to results analysis. In the present investigation, several simulations had been performed on the 
geometry reconstructed with 𝐶𝑡ℎ𝑟𝑒𝑠 of 0.2 by defining several mesh, from coarse mesh to fine mesh 
ranging from 0.1  ̶  0.01m.  
According to the generated results as indicated in Figure 9, Figure 10 and Table 6, the critical 
parameters such as maximum WSS and velocity have slight variations. However, the volume, inlet 
and outlet areas have no change, indicating the meshing done was well adapted to the reconstructed 
geometry. Although the result variations of maximum WSS and velocity are not significant, it can still 
be observed that the results were circulating along the dotted line as shown in Figure 9 and Figure 
10, respectively. The mesh size of 0.05m is chosen to apply on the rest of the reconstructed 
geometries in the current investigation for consistency as this mesh size is able to give better results 
with less computational cost as compared to finer mesh. Therefore, the simulation results as 
discussed in this investigation are based on the reconstructed geometries with mesh size of 0.05m. 
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Since the results from the simulation are incapable to be validated through experimental studies 
due to uncertainties on the physiological and pathological aspects [2], it has been reported that the 
WSS distribution and velocity flow field are sensitive to the local geometry [15, 17, 42]. Besides, CFD 
simulation is not able to validate in vivo hemodynamics accurately and precisely [3, 11, 43]. 
Therefore, the simulation results would be used to compare with magnetic resonance imaging (MRI) 
image, which is acquired through magnetic and radio waves in future framework for further analysis 
and validation.   
      
 
Fig. 9. Graph of maximum WSS against mesh elements for geometry 
reconstructed with threshold coefficient, 𝐶𝑡ℎ𝑟𝑒𝑠 of 0.2  
 
 
Fig. 10. Graph of maximum velocity against mesh elements for geometry 
reconstructed with threshold coefficient, 𝐶𝑡ℎ𝑟𝑒𝑠 of 0.2 
 
Table 6 
Details of applied mesh size with physical output from geometry 
reconstructed with threshold coefficient, 𝐶𝑡ℎ𝑟𝑒𝑠 of 0.2 
Mesh size (m) Mesh element Maximum WSS (Pa) Maximum velocity (m/s) 
0.10 420478 11.30 1.14 
0.05 420763 8.00 0.98 
0.03 421199 7.97 0.98 
0.02 421375 7.45 0.98 
0.01 421398 7.98 0.97 
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4. Conclusion 
 
The simulation results from the present investigation show that the reconstruction of anatomical 
aneurysm geometry has strong influence on the analysis of hemodynamics, especially on minute and 
complex geometry which makes the analytical work to be exhausted. The reconstruction of aneurysm 
geometry through image segmentation with different threshold coefficient, 𝐶𝑡ℎ𝑟𝑒𝑠 from medical 
image has shown significant physical changes on the aneurysm geometry in terms of shape, volume, 
inlet and outlet areas. Indeed, the hemodynamics which has high sensitivity to the geometry is 
affected as well. The WSS distribution and velocity flow field are among the crucial parameters to 
predict the initiation and rupturing of aneurysm. Although the results have slight variation with the 
previous studies, there is enough evidence showing that the locations where the aneurysm initiation 
and rupturing as well as atherosclerotic plaques formation are most probably to be occurred. The 
locations with significant WSS distribution and velocity flow field have good correspondence among 
the other geometries. Besides, the accurate estimation on the magnitude of WSS distribution and 
velocity flow field would be achieved in conjunction with in vivo measurements from MRI image in 
future framework. 
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